Taste buds on the anterior part of the tongue develop in conjunction with epithelial-mesenchymal specializations in the form of gustatory (taste) papillae. Sonic hedgehog (Shh) and Bone Morphogenetic Protein 4 (BMP4) are expressed in developing taste papillae, but the roles of these signaling molecules in specification of taste bud progenitors and in papillary morphogenesis are unclear. We show here that BMP4 is not expressed in the early tongue, but is precisely coexpressed with Shh in papillary placodes, which serve as a signaling center for both gustatory and papillary development. To elucidate the role of Shh, we used an in vitro model of mouse fungiform papillary development to determine the effects of two functional inhibitors of Shh signaling: anti-Shh (5E1) antibody and cyclopamine. Cultured E11.5 tongue explants express Shh and BMP4 LacZ in a pattern similar to that of intact embryos, localizing to developing papillary placodes after 2 days in culture. Tongues cultured with 5E1 antibody continue to express these genes in papillary patterns but develop more papillae that are larger and closer together than in controls. Tongues cultured with cyclopamine have a dose-dependent expansion of Shh and BMP4 LacZ expression domains. Both antibody-treated and cyclopamine-treated tongue explants also are smaller than controls. Taken together, these results suggest that, although Shh is not involved in the initial specification of papillary placodes, Shh does play two key roles during pmcry development:
Introduction
Sonic hedgehog (Shh) and bone morphogenic proteins (BMPs) play key roles in the developmental organization both of the nervous system and of epithelial-mesenchymal specialized organs, e.g., teeth and feathers (e.g., Neubüser et al., 1997; Philpott and Paus, 1998) . In nervous system development, these molecules serve to pattern the developing neural tube, whereas in specialized organs of the epithelium, the same molecules act as morphogens, establishing boundaries and determining cell fates. Lingual taste buds and their associated fungiform papillae represent a unique situation in which specialized sensory endorgans sit within epithelial-mesenchymal specializations. Both Shh and BMP are expressed during development of taste papillae, but their respective roles in cell specification or patterning are unclear. This paper reports on the role of Shh in gustatory papillary development.
The tongue hosts three types of taste papillae: fungiform on the anterior two-thirds of the tongue, foliate on the posterior lateral margins of the tongue, and circumvallate on the posterior midline. All three types develop in a similar fashion, beginning as epithelial thickenings, or placodes, located within otherwise undifferentiated lingual epithelium. These placodes then evaginate to form raised papillae with a mesenchymal core (Farbman and Mbiene, 1991;  Fujimoto et al., 1993; Mistretta, 1991; Paulson et al., 1985) . Taste buds will form within (and from) the epithelium of these papillae, and are first fully formed just prior to birth in rodents (Mistretta, 1991; Stone et al., 1995) . The present study focuses on the fungiform papillae which develop in a typical pattern on the anterior portion of the tongue.
The placodal anlage for the taste papillae are first recognizable shortly after the tongue rudiments fuse to form a recognizable tongue. Taste buds appear much later, at perinatal stages and long after innervation of the epithelium. In mice, the tongue is first apparent during the 11th gestational day (E11) as lingual swellings of the first branchial arch (Kaufman, 1992; Paulson et al., 1985) . These swellings fuse with each other and with bilateral swellings of the 2nd and 3rd branchial arches to form the tongue, which initially has a smooth, undifferentiated epithelium. During the 13th gestational day, taste papillary placodes become apparent morphologically as raised areas arranged in a stereotyped pattern on the lingual surface. Several signaling molecules are expressed in developing taste papillae during these early stages of papillary morphogenesis, including Sonic hedgehog (Shh) and Bone Morphogenetic Protein 4 (BMP4) (Bit- good and McMahon, 1995; Hall et al., 1999; Jung et al., 1999) .
Taste papillary morphogenesis is similar to that of other epithelial specializations, such as teeth, hair, and feather buds (Chuong, 1993; Lumsden, 1988; Philpott and Paus, 1998) . In each of these systems, families of developmental signaling molecules coordinate epithelial-mesenchymal interactions responsible for patterning and growth of the specializations Peters and Balling, 1999; Philpott and Paus, 1998) . The location of tooth formation is largely determined by overlapping expression domains of Fibroblast Growth Factor 8 (FGF8) and BMP4 (Neubüser et al., 1997) . Later, tooth growth and patterning are coordinated by BMP4 and Shh signaling from the enamel knot (Peters and Balling, 1999; Thesleff and Pispa, 1998; Vaahtokari et al., 1996) . Similarly, both BMPs and Shh are important for hair follicle growth (Botchkarev et al., 1999; Chiang et al., 1999; Kulessa et al., 2000; St-Jacques et al., 1998) . Feather buds are patterned in tracts by the interaction of some of the same signaling molecules: Shh, BMP4, and FGF4 (Jung et al., 1998) .
Many of these signaling molecules are expressed in developing taste papillae. In mice, Shh and BMP4 are both present in the epithelial placodes of developing taste papillae (Bitgood and McMahon, 1995; Hall et al., 1999; . Other members of the Shh signaling pathway, Ptc (the receptor for Shh) and Gli1 (a transcription factor modulated by Shh signal), are expressed in patterns similar to that of Shh, albeit not in identical cell populations (Goodrich et al., 1996; Hall et al., 1999; Hui et al., 1994; Marigo et al., 1996a Marigo et al., , 1996b . Lingual Ptc and Gli1 expression patterns indicate that Shh signaling is active in the tongue and taste papillae during papillary morphogenesis (Hall et al., 1999) . From the expression pattern of Shh signaling pathway members, potential roles for Shh signaling in the initial stages of taste development include: (1) directing papillary growth, (2) mediating epithelial-mesenchymal interaction, (3) specification of cell fate, and/or (4) papillary patterning (Hall et al., 1999) . The experiments in this report utilize an in vitro approach to test the effects of blockade of Shh signaling on papillary development.
Organotypic embryonic rat tongue cultures support early papillary development that closely resembles the in vivo pattern both morphologically and in terms of neurotrophin expression (Farbman and Mbiene, 1991; Mbiene et al., 1997; Nosrat et al., 2001) . The tongue explant method used in these studies precludes lingual innervation, demonstrating that initial papillary patterning and growth, as well as specification of gustatory epithelium, is independent of neuronal influence (Mbiene et al., 1997) . This result suggests that intrinsic lingual signaling is sufficient for initiating papillary pattern and morphogenesis.
In order to more clearly define the relationship between Shh and BMP4, the expression patterns of these genes were compared. An in vitro model of murine papillary development was then established to begin to test the function of intercellular signaling molecules in this process. This culture system supports papillary patterning and differentiation and was used to determine the effects of functional inhibitors of Shh signaling on papillary development and gene expression.
Materials and methods

Animals
The mice used in this study were a BMP4 LacZ genetargeted strain, which has one BMP4 coding region replaced by the ␤-galactosidase gene, LacZ (Lawson et al., 1999) . This results in ␤-galactosidase expression in the same pattern as BMP4, allowing for easy visualization of BMP4 expression in the phenotypically normal heterozygotes (Kulessa et al., 2000; Lawson et al., 1999) . The LacZ coding sequence is followed by a nuclear-localization sequence, causing the ␤-galactosidase gene product to be localized to the nucleus of the cells expressing it. Litters containing LacZ heterozygotes and littermate wild-type mice were used for cultures and expression analysis. Noon on the day of a visible plug was considered to be E0.5.
Embryonic tongue culture
E11.5 tongue primordia were placed on Millipore filters (type AA, 0.8-m pore size) supported by steel grids in humidified organ culture dishes. Tongues were cultured in BGJb medium containing 50 g/ml gentamycin, 0.8 mM L-glutamine, and 0.1 mg/ml ascorbic acid (all from Life Technologies) at 37°C in 5% CO 2 in air. Antibodies or drugs were added to the culture medium immediately after preparation of the cultures. Partially purified monoclonal antibodies used included anti-Shh (5E1) as a Shh signaling inhibitor and anti-BrdU and anti-achaete as negative controls for the presence of immunoglobulins in the culture medium (all from the Developmental Studies Hybridoma Bank, University of Iowa). Final antibody concentrations were 30 -40 g/ml. Drugs used were the Shh signaling inhibitor cyclopamine (10 mM stock in 95% ethanol vehicle, from W. Gaffield, USDA) or 0.095% ethanol as a vehicle control. Cyclopamine concentrations used were 10, 5, 3.3, 1, or 0.1 M. Tongue cultures were maintained in modified or control medium for 2 or 3 days without replacing the culture medium.
Whole-mount X-gal staining
Whole or cultured tongues were collected and processed according to Tajbakhsh and Houzelstein (1995) . Stained tongues were photographed and stored at 4°C in 4% paraformaldehyde in PBS (4% PFA).
In situ hybridization
Wild-type tongues from BMP4 LacZ matings were collected on the appropriate day of gestation or culture and fixed for 45-60 min in 4% PFA. In situ hybridization was performed as described in Hall et al. (1999) with hybridization and stringency washes performed at 62.5°C. RNA probes were Shh (640 bp, from L. Goodrich, Stanford University) and BMP4 (1.5 kb, from B. Hogan, Vanderbilt University).
Immunohistochemistry
For Shh immunodetection, E13.5 BMP4 LacZ tongues were cultured in 5E1-containing medium for 4 h and then fixed for 2 h in 4% PFA at 4°C. For detection of ␤-galactosidase and PGP 9.5, tissue was collected and fixed in 4% PFA at 4°C for 2 h. All tissue was cryoprotected in 20% sucrose in 4% PFA and embedded in OCT (Sakura Finetek, Torrance, CA) for cryosectioning. Cryostat sections (12-15 m) were collected onto Superfrost Plus (Fisher Scientific) or gelatin-subbed slides. Sections were washed with PB ϩ S (0.1 M phosphate buffer, 0.15 M NaCl, pH 7.2) and blocked in PB ϩ S containing 1% goat serum, 2 mg/ml BSA, and 0.3% Triton X-100. They were then incubated overnight at 4°C in blocking buffer containing 1:1000 dilutions of guinea pig anti-␤-galactosidase (Yee et al., 2003) or a combination of anti-␤-galactosidase and rabbit anti-PGP9.5 (Biogenesis, Brentwood, NH). Slides were washed in PB ϩ S and incubated with secondary antibody diluted 1:400 in blocking solution for 1-2 h at room temperature. The following secondary antibodies were used: Alexa 568-conjugated goat anti-guinea pig, Alexa 488-conjugated goat anti-mouse, and Alexa 488-conjugated goat anti-rabbit (all from Molecular Probes, Eugene, OR). Slides were then washed in PB ϩ S and coverslipped by using Fluoromount G (Southern Biotechnology Associates, Birmingham, AL).
Counting and spatial analysis of papillae
Digital images of X-gal-stained 2-and 3-day BMP4 LacZcultured tongues were collected. Tongues were scored double-blind for the presence of both large and small (Ͻ10 m diameter) BMP4 LacZ -positive papillary spots. The mean numbers of papillae per tongue were compared for different treatment groups by ANOVA. The center points of each papillary spot were then converted to X, Y-coordinates. Z-coordinates (on an arbitrary coordinate system for each specimen) were determined by optimizing the focal plane for the corresponding papilla using a microscope with a calibrated Z-stage, and these spatial coordinates were used for further analysis.
As the spatial patterns were highly inhomogeneous with papillae tending to form on the edge and tip of the tongues, standard point pattern analyses, which assume a homogeneous process, were inappropriate. Thus, the analysis used linear regression models (Kleinbaum et al., 1988) to compare differences in average nearest neighbor distance for each tongue, an indicator of the papillary spacing for that tongue. The model included terms for treatment (untreated, control antibody, 5E1 antibody), days of culture (2 or 3), proportion of large papillae in each tongue, number of papillae formed, and tongue volume. Since the tongue volumes differed across treatment groups (Shh-blocked tongues were generally smaller), it was necessary to statistically separate tongue volume effects from papillary spacing effects of the treatment. Backwards selection, with a cutoff P value of 0.05, was used to determine the best models. When multiple comparisons were performed, a Tukey adjustment was used to control the type I error rate. Results are presented as least squares mean Ϯ s.e.m. Explant sizes appeared to differ according to treatment conditions. In order to quantify this, we measured the width of the explants at the widest point of the BMP-expression domain, usually about one-third of the way from the rostral to caudal end of the organ. A t test was used to compare control and experimental conditions for both 5E1-treated and cyclopamine-treated tongues (for 5 and 10 M treatments compared with EtOH vehicle controls).
Morphometry
X-gal-stained 3-day-cultured BMP4
LacZ tongues were cryosectioned at 10 m and mounted with no secondary staining. Digital images of each serial section were collected, and papillary dimensions were measured and scored for evagination by using the Image J program (available online at http://rsb.info.nih.gov/ij/). A papilla was considered to be evaginated if a distinct curve in the basal lamina of the papilla was observed and the outward displacement of the basal lamina was greater than 25% of the epithelial thickness. Papillary evagination frequencies were compared by 2 test. Average papillary width, epithelial thickness, and evagination height were compared between 5E1 antibodytreated and untreated groups by t test.
Image processing
Whole
BMP4
LacZ tongues were photographed and digitized by using a Dimage Scan Multi film scanner (Minolta, Osaka, Japan). Brightfield and cultured tongue images were collected with a Spot RT digital camera (Diagnostic Instruments, Sterling Heights, MI). Immunofluorescence and corresponding Nomarski images were collected with an Olympus Fluoview confocal microscope (Olympus, Tokyo, Japan). Confocal image stacks were then converted to 24-bit z-projection images by using Image J and its UCSD confocal microscopy plugins. Figures were composed by using Adobe Photoshop 5.5 (Adobe Systems, Mountain View, CA) with only overall adjustment of brightness/contrast levels and color balance and without enlargement of original pixel dimensions for each image. Nomarski overlay images were created by using Photoshop layering effects: screen, 65-75% opacity.
Results
BMP4 and Shh expression
BMP4
LacZ tongues were used to closely examine the pattern of BMP4 expression and directly compare it with that of Shh by using whole-mount X-gal staining and in situ hybridization. At E11.5, BMP4
LacZ is largely absent from the early developing tongue but is present in the anterior mandible in developing tooth regions (Fig. 1A) . Some midline X-gal staining is present in the deep lingual/mandibular mesenchyme at this stage. At E12.5, BMP4
LacZ is expressed in presumptive fungiform and circumvallate papillary placodes (Fig. 1B) ; some of the fungiform placodes have an elongated shape at this stage (white arrowhead in Fig. 1B ). Placodal BMP4 LacZ expression is maintained in E14 and older tongues (Fig. 1C) . The pattern of BMP4 expression at each of these stages was confirmed by in situ hybridization (not shown).
The papillary pattern of BMP4 expression revealed by Xgal staining is similar to the pattern of Shh expression in whole tongues (Hall et al., 1999; Jung et al., 1999) . To determine whether BMP4 and Shh are expressed in the same regions, double X-gal, in situ hybridization staining was performed on BMP4 LacZ tongues. At E11.5, Shh is expressed throughout the tongue, distinct from the midline mesenchymal BMP4 LacZ expression present at this stage (Fig. 1D) . By E12.5, both BMP4 LacZ and Shh are expressed in developing fungiform, and circumvallate placodes and their staining patterns cannot be distinguished from one another (Fig. 1E) . The same result is observed at E14 (not shown).
To further examine the overlap between BMP4 and Shh 
(C) BMP4
LacZ is expressed in developing fungiform and circumvallate papillae. Diffuse midline BMP4 staining is due to mesenchymal BMP4 expression. (D) BMP4 is expressed in developing fungiform papillae following 5E1 treatment. BMP4 expression areas appear larger and more numerous than those in untreated tongues. Scale bars, 500 m.
expression, double-label immunohistochemistry for ␤-galactosidase and Shh protein was performed on E13.5 BMP4 LacZ tongues ( Fig. 1F and G ). Due to a nuclear localization sequence in the LacZ gene in this strain of mice, ␤-galactosidase is detected in the nuclei of the cells within developing fungiform placodes, while Shh is detected on the surface of these cells. The BMP4 LacZ and Shh staining reveals exact colocalization of their expression patterns in the placodal epithelium. The presence of multiple secreted signaling molecules in this cell population indicates that the papillary placodes serve as signaling centers for regional organization of the surrounding epithelium.
BMP4 and epithelial innervation
Shh expression localizes to papillary placodes prior to their innervation in CD-1 mice. To determine whether the same is true for BMP4 in BMP4 LacZ mice, the relationship between BMP4 expression and lingual innervation was examined by double immunohistochemistry for ␤-galactosidase and the pan-neuronal marker PGP 9.5 (ubiquitin carboxyl-terminal hydrolase; Wilkinson et al., 1989) in BMP4 LacZ embryonic tongues. At E12, BMP4 LacZ expression is localized to the developing placodal epithelium ( Fig.  2A and B) , but ingrowing nerves have not yet reached the epithelium ( Fig. 2A and B) . By E16.5, PGP 9.5-positive nerve fibers extensively innervate the BMP4 LacZ -expressing papillary epithelium ( Fig. 2D and E) . This finding confirms that specification of gustatory epithelium occurs prior to innervation and that nerves do not induce the formation of taste buds (Northcutt and Barlow, 1998) .
Cultured embryonic mouse tongues express papillary markers
To establish an in vitro model of murine taste papillary development, explanted E11.5 tongue primordia were cultured for 1-3 days in serum-free, defined media. At E11.5, before placodes have formed, Shh is expressed broadly across the lingual epithelium (Fig. 1D) , but over the course of 2-3 days in culture, this broad expression coalesces into a punctate pattern (Fig. 3A) , similar to that observed at E12.5 and beyond ( Fig. 1E ; Hall et al., 1999) . BMP4
LacZ is also localized to developing papillary regions in cultured tongues (Fig. 3C ). For both of these papillary gene markers, the punctate fungiform expression pattern is limited to the anterior part of the tongue explants.
In the posterior midline, where the circumvallate papilla forms, papillary gene expression in cultured tongues is inconsistent. Shh and BMP4
LacZ expression are occasionally observed in a location corresponding to the circumvallate papilla, but not in every tongue. Given this inconsistency of circumvallate papillary development in the cultures, the remainder of this study focused on fungiform papillary development.
Anti-Shh antibody induces changes in papillary development
To test the role of Shh in papillary development, Shh signaling was inhibited in vitro. A Shh function-blocking antibody, 5E1, was added to E11.5 tongue explant cultures (prior to papillary placode formation), and tongues were assayed for expression of papillary gene markers. When cultured in the presence of 30 g/ml 5E1, more Shh-expressing fungiform papillary spots are apparent after 3 days in culture (Fig. 3B) with papillary spots extending more posteriorly on the lingual surface. Additionally, the Shhexpressing papillae appear larger than those on tongues cultured without 5E1, rising above the nonpapillary epithelium to a greater extent than in untreated cultures (compare Fig. 3A with B) . The quantitative aspects of these changes are discussed below. Like Shh, BMP4
LacZ expression changes in 5E1-treated tongues (Fig. 3D) , with an apparent increase in the number of BMP4 LacZ -expressing fungiform papillae. The specificity of the effects of 5E1 antibody on tongue cultures was tested by addition of other, non-Shhspecific, monoclonal antibodies to tongue cultures. E11.5 tongues cultured in the presence of control antibodies resembled untreated cultured tongues in their expression of Shh and BMP4 LacZ (not shown). Importantly, we disrupted Shh signaling prior to the molecular segregation of placodes in the epithelium, yet the placodes still develop. This indicates that Shh is not required for the initial organization of the papillary placodes.
To quantify the changes in papillary development, several cultured tongues were scored for BMP4 LacZ -expressing papillary spots. Papillary spots were scored as small (Յ10 m across) or large, and their locations were mapped in three dimensions. These maps were then used to count the total number of papillae in tongues cultured for either 2 or 3 days. After 2-3 days in culture, 5E1-treated tongues had significantly (P Ͻ 0.01) more papillae than untreated or control antibody-treated tongues (Fig. 4) . After 2 days, anti-Shh antibody-treated tongues have more than twice as many papillae as untreated tongues. After 3 days, tongues cultured with anti-Shh antibody show a 1.7-fold increase in the number of papillae over untreated tongues and a 1.6-fold increase over control antibody-treated tongues.
To determine whether Shh signaling affects papillary spacing, three-dimensional papillary distribution patterns were analyzed by linear regression models, the results of which are presented in Fig. 5 . The minimum (nearest neighbor) distance between the center points of BMP4 LacZ -expressing papillae was examined as a function of treatment (anti-Shh antibody vs the two control treatments), days in culture, proportion of large vs small papillae, number of papillae, and estimated lingual volume. The minimum distance was highly significantly different between treatment groups (P Ͻ 0.0001). The average nearest neighbor in anti-Shh-treated tongues was 66.1 Ϯ 1.9 m, 17.8% closer than in untreated tongues (P Ͻ 0.0001) and 27.8% closer than in control antibody treated tongues (P Ͻ 0.0001). The two control groups were also significantly different from each other (P Ͻ 0.01). The number of days in culture was also significant; tongues cultured for two days had an average nearest neighbor that was 7.4 Ϯ 2.9 m farther apart than those cultured for three days (P Ͻ 0.05), i.e., as the cultures matured, papillae formed closer together. It should be noted that the variables for the number of papillae and volume of space occupied by papillae were not significantly different in the statistical model. Thus, increasing the number of papillae or volume of the papillary space is not correlated with spacing, so the results are not confounded by increases in average number of papillae and volume in antibody treated tongues.
Since papillae appeared to be larger in anti-Shh antibody treated tongues, the maximal dimensions for each papilla were measured in serially sectioned BMP4 LacZ stained cultured tongues (illustrated in Fig. 6 ). Two types of developing papillae occurred: simple placodal papillae, in which the epithelium of the stained region was thicker than, but even with, the surrounding epithelium (Fig. 6A) ; and evaginated papillae, in which the lingual epithelium pouched outward, covering an underlying mesenchymal core (Fig. 6B) . These two conditions can be best distinguished by examination of the basal lamina. It is essentially flat across the base of simple placodes, whereas the basal lamina protrudes outward under an evaginated papilla. All papillae begin as simple placodes but evaginate during the process of papillary maturation. Each papilla was scored for evagination, and measurements were made of epithelial thickness (h), papillary width (w), and evagination height (e) (if evaginated); see Fig. 6A and B. Results from this morphometric analysis are presented in Table 1 . While no difference in average epithelial thickness (h) or evagination height (e) was observed, 5E1-treated tongues have a higher proportion of evaginated papillae (37.1% as opposed to 20.4%). Mean papillary width (w), corresponding to papillary diameter, also was larger in 5E1-treated cultured tongues than in untreated tongues. Thus, papillary placodes in 5E1-treated tongues were about 20% larger, and reached a more mature state faster, than tongues raised under control conditions. Despite the enlargement of the placodes, the 5E1-treated tongue explants were smaller than controls (0.73 Ϯ 0.14 mm (s.d.) compared with 0.62 Ϯ 0.10 (s.d.); P Ͻ 0.05, t test).
Cyclopamine induces changes in papillary development
A second inhibitor of Shh signaling was used to confirm the effects of Shh signal disruption on cultured tongues. The steroidal alkaloid cyclopamine, which blocks the Shh signaling pathway (Incardona et al., 1998) , was added to the culture medium. E11.5 tongue explants were grown for 3 days in the presence of 5-10 M cyclopamine or 0.095% Fig. 4 . Anti-Shh-treated tongues have increased numbers of papillae. Graph of mean papillary number (Ϯs.e.m.) in X-gal-stained BMP4 LacZ -cultured tongues and compared by ANOVA planned comparisons. After both 2 and 3 days in culture, significantly more papillae are present in 5E1-treated tongues (dark gray bars) than in untreated tongues (white bars). The number of papillae in 5E1-treated tongues is also significantly more than in control antibody-treated tongues (light gray bar) after 3 days. No difference is apparent between control antibody-treated and untreated tongues. ethanol as a negative vehicle control. Expression of papillary markers in ethanol-treated cultures is similar to untreated cultures (compare Fig. 7A and C with Fig. 3A and C). In cyclopamine-treated tongues, Shh expression is expanded (Fig. 7B) as it is in 5E1-treated tongues (Fig. 3B) , but the Shh-expressing regions in cyclopamine-treated tongues are more diffuse and not as discretely localized to spots. BMP4 LacZ expression is also expanded after cyclopamine treatment (Fig. 7F) . Large regions of BMP4 LacZ expression occur on the surface of these tongues, which may correspond to individual papillary regions that have expanded and fused with each other. Further, the explants treated with 5-10 M cyclopamine were significantly smaller than controls (0.38 Ϯ 0.10 mm compared with ethanol controls of 0.70 Ϯ 0.28; P Ͻ 0.001, t test).
Other studies utilizing cyclopamine have shown a dosedependent inhibition of Shh signaling (Incardona et al., 1998; Sukegawa et al., 2000) . To determine whether the same is true for cyclopamine in cultured tongues and thus confirm Shh signal inhibition, tongues were cultured in the presence of 0 -10 M cyclopamine while maintaining the overall ethanol concentration (0.095%) in the culture medium. These were then assayed for BMP4 LacZ expression. Fig. 7C-F shows the BMP4 LacZ expression patterns from one litter after culture in various cyclopamine concentrations (0 -5 M). As described above, BMP4
LacZ expression is expanded in 5 M cyclopamine-treated tongues, and concentrations above 5 M do not show any further expansion of BMP4 LacZ expression (not shown). However, reductions in cyclopamine concentration reveal a dose-responsiveness of BMP4 LacZ expression. As cyclopamine concentration is reduced, discrete spots of BMP4 LacZ expression reappear, with 0.1 M cyclopamine-treated tongues resembling ethanol and untreated tongues.
To determine whether histological changes occur in the presence of cyclopamine, BMP4
LacZ expression was examined in serial sections of a 5 M cyclopamine-treated tongue. Fig. 6C shows a representative parasaggital section, where the large BMP4-expressing region seen in the anterior tongue in whole mount (Fig. 7F ) is apparent in crosssection. This and other BMP4 LacZ -positive regions display a thickened epithelium, typical of papillary placodal epithelium.
In summary, BMP4 LacZ and Shh expression patterns show exact colocalization in papillary placodes. Also, cultured E11.5 tongue explants express Shh and BMP4 LacZ in a pattern similar to that of intact embryos, with Shh and BMP4 LacZ localizing to developing fungiform papillae after 2 days in culture. Tongues cultured in the presence of a Shh function-blocking antibody express these genes in papillary patterns but develop more and larger papillae that are closer together than in controls. Tongues cultured with the Shh signaling inhibitor cyclopamine show a dose-dependent expansion of Shh and BMP4 LacZ expression domains.
Discussion
Sonic hedgehog and BMP4 as papillary signaling molecules
A previous study examined BMP4 expression by in situ hybridization in E10.5-E15 mouse tongues and reported broad BMP4 expression in early tongues with subsequent restriction to developing fungiform papillae . The findings described here are similar, though not identical. Broad lingual BMP4 expression in early tongues was not found with either X-gal staining in BMP4 LacZ tongues or in situ hybridization. Rather, BMP4 is first detected in discrete regions of the lingual epithelium at E12 that correspond to developing taste papillae. In tooth development, broad BMP4 expression is thought to play an inductive role, combining with other signaling molecules to induce odontogenic gene expression in the proper location in the mandible Neubüser et al., 1997) . The lack of detectable BMP4 expression in the epithelium prior to focal expression of Shh suggests that BMP4 is not involved in initial specification of the location or induction of taste papillae, but is expressed in papillary epithelium as a response to other inductive signals.
From E12.5 onward, BMP4 and Shh are coexpressed in placodal cells of the developing taste papillary epithelium. At this early stage of development, the placodal cells express BMPs, Shh, Ptc, and FGFs, although the exact sequence of onset for expression of all these factors is unknown (Hall et al., 1999; Jung et al., 1999) . Certainly, Shh and BMP4 are among the earliest of these to be restricted to the papillary placodes. Thus, the placodal cells of developing taste papillae act as a signaling center for papillary, and perhaps gustatory, development, producing multiple extracellular signaling molecules. The placodal cells also exhibit other differences compared with the surrounding epithelium; they are morphologically distinct, being taller than the surrounding epithelium (Farbman and Mbiene, 1993) , and express cytokeratin 8 (Mbiene and Roberts, 2003) . Furthermore, the placodal cells are mitotically quiescent compared LacZ X-gal-stained 3-day cultured E11.5 tongues. Mean papillary dimensions (Ϯs.e.m.), corresponding to the dimensions illustrated in Fig.  6 , are indicated. Mean evagination height is derived from only evaginated papillae. LacZ -expressing epithelium is thickened relative to the surrounding epithelium. Scale bars, 25 m.
to the surrounding epithelium (Farbman and Mbiene, 1991; Mbiene and Roberts, 2003) .
The placodal cells, although mitotically quiescent during the stages of development under study in this report, are believed to become taste buds later in development (Mbiene and Roberts, 2003) . Indeed, the basal cells of mature taste buds express Shh, which may reflect their similarity to the embryonic placodal cells (Miura et al., 2001) . Alternatively, the placodes, like other signaling centers, may undergo apoptosis, leaving only their molecular footprint on basal cells then committed to be the progenitors of taste buds. Unfortunately, the culture system we employ does not survive long enough to generate morphologically distinct taste buds; hence, determination of the ultimate fate of the placodal cells is beyond the scope of this work.
The cells immediately surrounding the placodes are themselves different from more remote epithelium, which we term interplacodal epithelium. The periplacodal cells (Hall et al., 1999) . The explant cultures reported in this study begin at this stage of development. By day E12.5 of development (center, left), the epithelium is morphologically and molecularly divisible into three compartments: the papillary placodes, which are taller than the surrounding epithelium and which express high levels of Shh and BMP4; the periplacodal epithelium; which express high levels of Ptc; the interplacodal epithelium, which does not express detectable levels of Shh, BMP4, or Ptc Hall et al., 1999) . The Shh signal emitted from the placodes impacts on both the periplacodal cells and the interplacodal epithelium. The Shh establishes the boundary between the placodes and the periplacodal epithelium by directing the periplacodal epithelium to retain a nonplacodal fate. The longer range (lower concentration) Shh signal causes the interplacodal epithelium to proliferate, forcing apart the placodal signaling centers. When the placodes get far enough apart (E13.5, bottom), the interplacodal epithelium no longer receives an adequate Shh signal and new placodes arise in the intervening space. When Shh signaling is disrupted (right), the placodes still form, but fail to establish boundaries with the surrounding epithelium, thereby permitting expansion of the papillary placodes. In addition, the interplacodal epithelium is not inhibited from assuming a papillary fate, so new placodes form more closely spaced than normal. express high levels of the Shh receptor, Ptc, whereas the interplacodal epithelium does not (Hall et al., 1999) . Thus, at this early stage of placodal development, the lingual epithelium is divisible into three compartments (Fig. 8) : placodal, periplacodal, and interplacodal. The results of the present study are best understood in relation to this threepart organization of the lingual epithelium. Cells in these three epithelial compartments respond differently to the morphogenic signals emanating from the placodal signaling centers.
The periplacodal cells normally are exposed to high levels of Shh, which, in that cellular context, direct those cells to a nonpapillary fate. In this scenario (Fig. 8) , Shh pushes the progenitor cells in the periplacodal epithelium into a restricted fate wherein they can generate only nonsensory epithelium. Since the periplacodal cells express high levels of the Shh receptor, Ptc, they are likely responding to the Shh signal. Thus, the Shh signal could limit both formation and expansion of the papillae by directing the periplacodal cells toward a nonpapillary fate. Further, we hypothesize that long-range, low-concentration Shh signals reach the interplacodal epithelium, which responds by increasing its mitotic activity, thereby generating more interplacodal epithelium which forces the placodes apart. When the placodes become sufficiently separated (Fig. 8, E13 .5), the long-range Shh signal falls below some critical level, and new placodes can form in the intervening space thereby ensuring a spaced arrangement of papillae.
Sonic hedgehog and papillary gene expression
In order to assess the role of Shh in papillary formation and in regulation of BMP expression, we examined organotypic cultures in which Shh function was interrupted either by antibodies or cyclopamine. Several previous studies of Shh function have used a function-blocking monoclonal antibody (5E1) to demonstrate developmental roles for Shh signaling (Ericson et al., 1996; Wang et al., 2000) . This antibody specifically binds Shh protein and prevents it from binding its receptor, Ptc (Incardona et al., 2000; Pepinsky et al., 2000) . We used this antibody to inhibit Shh signaling in developing embryonic tongue explants. The antibody does bind to cells that express Shh in the tongue (see Fig. 1 ), so it is likely that it inhibits Shh signaling in 5E1-treated cultures.
Inhibition of Shh signaling leads to expanded expression of the papillary genes, Shh and BMP4
LacZ . This is observed in both the increased numbers of papillae expressing these genes in anti-Shh antibody-treated tongues and the enlarged domains of gene expression in cyclopamine-treated tongues. Thus, expression of these genes is regulated by Shh signaling in papillary development. This could occur as a direct effect of Shh signaling or indirectly through the induction of other signaling components which ultimately affect the fate of the recipient cells.
In many developmental systems, Shh and BMP4 may regulate one another's expression. For example, in Drosophila wing development, dpp (a homologue of BMP2 and 4) is a downstream target of hh (Ingham and Fietz, 1995) . Similarly, in mammals, Shh regulates expression of BMP2/4 in hindgut (Roberts et al., 1995) and indirectly in limb bud (Yang et al., 1997) . Shh-BMP4 interaction also has been observed in tooth, blood, and feather development (Bhardwaj et al., 2001; Hardcastle et al., 1998; Jung et al., 1998; Neubüser et al., 1997; Tucker et al., 1998a ). In contrast, BMP4 appears capable of regulating expression of Shh in tooth germ and feathers (Zhang et al., 2000) . Shh-mediated regulation of BMP4 LacZ expression in cultured tongues suggests that these two signaling molecules do interact with each other during papillary development. Additionally, an effect of inhibition of Shh signaling on Shh expression may indicate that Shh is involved in indirectly regulating its own expression in this system, as in limb bud (Capdevila and Izpisua Belmonte, 2001 ). The persistence of Shh mRNA in tongue explants treated with cyclopamine ( Fig. 7B) indicates that Shh protein is not necessary for maintenance of Shh mRNA expression in lingual papillae. Hence, Shh is not necessary for maintenance of the papillary state which presages formation of taste buds.
Sonic hedgehog and lateral specification
A role for Shh in limiting papillary growth is suggested by changes in papillary diameter and boundaries when Shh signaling is inhibited in vitro. Papillae in tongues treated with anti-Shh antibody have larger diameters than in untreated tongues. In tongues treated with high levels of cyclopamine (5 M and higher), both Shh and BMP4 LacZ show greatly enlarged expression domains, covering large regions of the lingual surface with structures that resemble expanded and fused papillae. In addition to expressing papillary genes, these expression domains display a placodaltype thickened epithelium, confirming their papillary identity. Inhibition of Shh signaling leads to an increase in the diameter or size of papillary placodes, indicating that Shh may function directly or indirectly to establish the boundaries of the papillary regions, a role originally suggested by lingual Shh and Ptc expression patterns (Hall et al., 1999) .
At early stages of placodal development, the Shh-producing placodal cells themselves express Ptc (Hall et al., 1999) . Despite the locally high levels of Shh signal, the placodal cells do not respond in the same fashion as the periplacodal cells. As papillary development proceeds, the Shh-producing papillary cells downregulate Ptc, while the periplacodal cells maintain a high level of expression (Hall et al., 1999) .
From the perspective of papillary morphogenesis, Shheither directly or indirectly-plays a role in lateral inhibition with respect to papillary formation. While this is a well-characterized role for other signaling molecules (e.g., notch-delta; Artavanis-Tsakonas et al., 1999) , this is the first example for this type of role for Shh (Fig. 8) . In the context of the present report then, inhibition of Shh-signaling per-mits periplacodal cells to assume a papillary fate, thereby expanding the expression domains of Shh, BMP4, and other downstream components of this system.
Sonic hedgehog and papillary spacing
As shown by three-dimensional nearest neighbor analysis, inhibition of Shh signaling with anti-Shh antibodies changes the distribution of papillae in cultured tongues, causing papillae to form closer together. This is not an effect of the expansion of papillary diameter in anti-Shh antibodytreated tongues because papillary distance was measured from the center point of each papilla. (Papillary regions expand and fuse in high-dose cyclopamine-treated tongues, and discrete papillae cannot be identified, precluding spatial analysis in these tongues.) Importantly, the effect of antiShh antibody treatment on papillary spacing is not merely the result of increasing the number of papillae or decreasing the volume of the developing tongue; our statistical models included terms for both of these variables. The observed change in papillary spacing is, therefore, independent of these possibly confounding phenomena.
The observation that papillae form closer together when Shh signaling is inhibited suggests that Shh signaling might restrict formation of papillae through lateral inhibitory signaling within the epithelium. One earlier prediction from the expression pattern of Shh was that Shh could act in papillary patterning as a long-range lateral inhibitory signal, restricting growth of fungiform papillae in the vicinity of an existing papilla (Hall et al., 1999) . As the tongue grows, greater distances separate existing fungiform papillary placodes, and new papillary placodes are added to the tongue in the widening spaces (Fig. 8) . Farbman and Mbiene (1991) observed that, in developing embryonic rat tongues, primary longitudinal rows of papillae first appeared in the tongue and then secondary papillae arose between them. Similar to progressive addition of feather buds in chick epidermis (Jung et al., 1998) , if each papilla produces a lateral signal that acts within a certain distance of that papilla, this signal would diminish as papillae became separated and new papillae would be able to form a certain distance from them (Fig. 8 ). Since Shh diffuses over distances of many cell diameters (Gritli-Linde et al., 2001) , this signaling protein could easily influence cell fate decisions in the interplacodal epithelium. Thus, low levels of Shh might also push the interplacodal epithelium toward a nonpapillary fate. Inhibition of this lateral signal could result in papillae forming closer to one another, which is what is observed when Shh signaling is inhibited. Unlike the periplacodal cells, the interplacodal epithelium does not express high levels of Ptc (Hall et al., 1999) . Thus, either the long-range Shh signal acts via undetectably low levels of ptc or via a non-Ptc signaling pathway as in neural crest cells (Testaz et al., 2001) .
Shh may, however, regulate papillary spacing by an additional mechanism. Shh not only can direct cell fate, but can also increase the proliferative activity of recipient generative cells. For example, Shh causes expansion of the pool of primitive hematopoetic cells (Bhardwaj et al., 2001 ). Likewise, Shh may function in lingual development to increase the pool of progenitors restricted to a nonpapillary fate. By increasing the proliferation of nonpapillary progenitors, Shh could ensure proper spacing of the papillae. Papillary cells divide at a slower rate than the surrounding epithelial cells (Farbman and Mbiene, 1991; Mbiene and Roberts, 2003) , but whether Shh plays either a direct or indirect role in this is unclear. The smaller overall size of the explants in 5E1-or cyclopamine-treated cultures suggests that Shh may serve as a mitogen for the underlying mesenchyme as well as for the epithelium. Accordingly, blocking the Shh signal results in fewer cell divisions, hence a smaller explant. A mitogenic role for Shh could not, however, explain the increased number of papillary placodes in the treated explants, although it may play a role in reduced spacing. Accordingly, the mitogenic activity would need to act in consort with other functions to produce the observed effects. In all, the observed effects on papillary formation, papillary growth or expansion, and papillary spacing can be best explained by Shh acting both to direct lingual epithelium toward a nonpapillary fate and increasing its mitotic activity.
The coincident expression of Shh and BMP4 in lingual papillary placodes suggests that BMP4 may be involved in some of the effects of Shh in lingual development. Another developmental signaling molecule, FGF8, is expressed early in lingual development, at the same time Shh expression is first detected in the tongue . This signaling molecule may also regulate papillary morphogenesis. In the feather bud system, Shh, BMP, and FGF interact to pattern the epithelium (Jung et al., 1998; Patel et al., 1999) . This suite of similar molecules likely interact to pattern the gustatory epithelium. Spacing of feather buds appears crucially dependent on the interactions of BMP and follistatin, a BMP antagonist (Patel et al., 1999) . Similarly, BMP may prove to be the factor that directly regulates spacing of taste buds with Shh serving to regulate expression of BMP. Alternatively, the response of periplacodal cells to Shh may be modulated by BMP just as cells of the neural tube alter their response to Shh depending on BMP levels (Liem et al., 2000) . Further experiments examining the function of these signals in developing tongues and their relationship to Shh may elucidate their respective roles in papillary and gustatory development.
In summary, the results of these experiments indicate that, although Shh is not necessary for establishment of the gustatory papillary placodes, it does play a crucial role in establishing papillary boundaries and for regulating papillary spacing. Shh does not, however, appear to be necessary for the maintenance of the placodal phenotype which results in generation of taste buds.
